Introduction
Binary intermetallic compounds Zr 2 M (M stands for transition metal) are recognized as effective hydrogen absorbing and hydrogen getter materials. Among these compounds, particularly remarkable are Zr 2 M (M = Fe, Co, Ni) compounds (crystallizing in the CuAl 2 -type structure), which attract much attention as hydrogen storage materials since they absorb significant amounts of hydrogen (more than one hydrogen atom per metal atom). A number of intermetallic CuAl 2 -type hydrides (deuterides) with H(D)-to-metal ratios exceeding one have been reported, e.g. Zr 2 FeH ∼4.5 , Zr 2 FeD 5 , Zr 2 CoD 4.85 , and Zr 2 NiD 4.74 [1] [2] [3] .
However, Zr 2 M (M = Fe, Co, Ni) compounds also attract significant attention from scientific and technological viewpoints because of their ability to incorporate oxygen leading to formation of ternary oxygen-stabilized Zr 4 M 2 O phases [4] [5] [6] . The crystal structure of the oxygen-stabilized Zr 4 M 2 O (M = Fe, Co, Ni) phases belongs to the η-Fe 3 W 3 C-type, which can be viewed as a filled derivative of the Ti 2 Ni-type structure. Among the above mentioned oxygenstabilized η-phases, detailed hydrogen absorption/ desorption properties have been reported for the Zr 4 Fe 2 O x compound [3, 7] . It has been established that the hydrogen absorption/desorption properties of η-Zr [7, 8] . These capacities exceed the highest hydrogenation capacity achieved for the saturated hydride Zr 2 FeH ∼4.5 [3] . It is worth mentioning also that the oxygen-stabilized Zr 4 Fe 2 O x phase was found to be more stable against hydrogen disproportionation than the Zr 2 Fe compound [9, 10] . Detailed studies of the dependence of the cell parameter a upon the oxygen content x in Zr 4 Fe 2 O x oxide have indicated that the a value changes only slightly when the x value is varied within the 0.25 ≤ x ≤ 0.6 homogeneity region [4, 7, 8] .
The aim of the present work is a complex study of the electronic structure of Zr 4 M 2 O (M = Fe, Co, Ni) compounds. For this purpose, we have applied the augmented plane wave + local orbitals (APW+LO) method as incorporated in the WIEN2k code [11] . To verify our theoretical data, the X-ray photoelectron spectroscopy (XPS) method was used.
Experimental
Zr 4 M 2 O x (M = Fe, Ni) compounds were synthesized by arc melting in a purified argon atmosphere on a water-cooled copper hearth from appropriate quantities of high-purity metal powders (Zr 99.8%, Fe (Ni) 99.9%) and chemically pure ZrO 2 , employing the technique described in detail in [7] . Our attempts to synthesize Zr 4 Co 2 O x compounds were unsuccessful. The as-cast Zr 4 M 2 O x (M = Fe, Ni) samples were annealed in vacuum at 1000ºC for 300 h to achieve homogeneity. X-ray diffraction (XRD) phase analysis of the samples, carried out with a HZG-4a diffractometer (Cu K α radiation) revealed that the compounds crystallize in the cubic η-Fe 3 W 3 C-type structure belonging to the space group Fd-3m. The lattice parameters determined from our XRD data are the following: a = 12.210(2) Å (for Zr 4 The X-ray spectroscopy measurements of the Zr 4 Ni 2 O x compound were carried out in a sublimation ion-pumped chamber, having a base pressure of less than 1×10 -7 Pa, of an ES-2401 spectrometer. The energy scale of the spectrometer was calibrated by setting the measured Au 4f 7/2 and Cu 2p 3/2 binding energies (BEs) to 84.00±0.05 eV and 932.66±0.05 eV, respectively, with regard to the Fermi energy, E F . The XPS spectra were excited by a Mg K α source of X-ray radiation (E = 1253.6 eV) and were recorded at a constant energy of 50 eV. To remove surface contaminations, bombardment of the sample surface was performed by Ar + ions with an energy of 2.0 keV for 5 min at an ion current density of 15 µA/cm 2 . The method of surface cleaning was similar to that used earlier [12] . Data of the XPS characterization of the Zr 4 Ni 2 O x sample, both for pristine and Ar + -bombarded surfaces, are shown in Fig. 2 . The survey XPS spectrum of the pristine surface of Zr 4 Ni 2 O x indicates that the pristine surface of the sample under study contains significant amounts of hydro-carbon adsorbents. Their presence does not allow detection of signals coming from nickel atoms when measuring the XPS spectra. However, after Ar + -bombardment of the Zr 4 Ni 2 O x surface, all the spectral features, except the low-intensity C 1s level, are assigned to be the constituent element core-levels or Auger lines. For the Ar + -bombarded surface with a very small C 1s signal, the BE scale drift due to possible surface charging was accounted for using the F 1s level (685.0 eV) of fluorine adsorbed on the surface. Fluorine was specially introduced into the vacuum chamber for this purpose up to the appearance of a measurable F 1s level. XPS characterization of the Zr 4 Fe 2 O x compound has been done previously [13] .
Method of calculation
Our ab initio band-structure calculations of Zr 4 Fe 2 O were performed on the basis of the density functional theory (DFT). They were done using the APW+LO method with the WIEN2k code [14] . In the present APW+LO calculations, the positions of the atoms were those previously reported in [13] , where calculations were performed for a hypothetically stoichiometric Zr 4 Fe 2 O compound with the lattice parameter a = 12.222 Å. In the present work the APW+LO calculations were performed with the lattice parameter a = 12.210 Å derived from our experimental XRD study of the Zr 4 Fe 2 O 0.6 compound with the maximum oxygen content. As in [13] , the generalized gradient approximation (GGA) by Perdew et al. [15] was employed for the calculations of the exchange-correlation potential and the tetrahedron method by Blöchl et al. [16] was adopted for integration through the Brillouin zone. The basis function involves the atomic orbitals of Zr, Fe and O, as reported in [13] . Figs. 3 and 4) . Fig. 3 shows that the valence band in the Zr 4 Fe 2 O compound, which ranges from -7.8 to 0 eV, can be divided into two energy regions, that are labelled A (0 to -4.15 eV) and B (-5.95 to -7.8 eV). From Fig. 3 , Two sub-bands, labelled A* and B*, centered at about 0.7 and 3.5 eV, respectively, are prominent on the curve of total DOS of Zr 4 Fe 2 O near the bottom of the conduction band (Fig. 3) (Fig. 3) . 
